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1. Introduction  
One of the most important factors for infants’ learning is positive and negative feedback 
from their caregiver. In a similar way, learning robots can also use the feedback from their 
user as a basis for learning and adapting to the user’s preferences. A popular example of 
learning through user feedback is reinforcement learning with a human teacher (Thomaz & 
Brezeal, 2006), but many applications of learning by positive and negative examples with 
assistance from a user or behavior adaptation and refinement (Kim & Scassellati, 2007) 
require an understanding of the user’s expression of approval and disapproval. This paper 
focuses on enabling a robot to learn to understand natural, multimodal approving or 
disapproving feedback given in response to the robot's moves.  
Humans express approval and disapproval toward a robot through different channels, such 
as words, prosody, gestures, facial expressions and touch. Most work on understanding 
approval and disapproval has been done with single-modal approaches based on prosodic 
information from speech signals such as intonation, pitch, tempo, loudness and rhythm 
(Breazeal, 2002) (Kim & Scassellati, 2007). However, we assume that integrating multiple 
modalities improves the reliability of the recognition and allows the system to adapt to the 
individual preferences of the user. We determined the modalities to implement in our 
system through a user-study. It is described in detail in (Austermann & Yamada, 2008). We 
found, that speech was by far the most frequently used modality, when giving feedback to 
an AIBO robot. 78.37% of all feedback was given by speech. It was followed by touch, which 
was used for 20.92% of the feedbacks. Gesture was applied for giving instructions, but did 
not play a significant role for giving feedback and was only used in 0.71% of the cases. 
Therefore, in addition to prosody, we focus on the contents of the speech utterances as well 
as on interaction through the touch sensors of the robot. We did not integrate the 
recognition of facial expressions, because we wanted the users to move around freely and 
interact naturally. A facial expression recognizer would have restricted the users' 
movements by requiring them to look straight into a camera.  
In order to learn to interpret user feedback, our system utilizes a biologically-inspired two-
staged learning method which is modeled after basic learning processes in humans and 
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animals. It combines unsupervised training of Hidden Markov Models (HMMs), which 
models the stimulus encoding occurring in natural learning and clusters similar observed 
user feedbacks, with an implementation of classical conditioning that associates the trained 
HMMs with either approval or disapproval. The combination of supervised and 
unsupervised learning as well as specifically designed training tasks allow our system to 
learn interaction without requiring any transcriptions of training utterances and without 
any prior knowledge on the words, language or grammar to be used. As a model of the top-
down processes, which occur in human learning, we use the associations learned in the 
conditioning stage to integrate context information when selecting the best HMM for 
retraining. This is done by adding a bias on models, that are already associated with 
approval or disapproval depending on what feedback is expected based on the state of the 
training task.  
Adaptation of a robot to a user is done in a training phase before actually using the robot. 
The training tasks are designed to allow the robot to anticipate and explore the user's 
feedback. During the training phase, the robot solves special training tasks in cooperation 
with the user. The tasks are modeled to resemble simple games. The training phase is 
inspired by the Wizard-of-Oz principle, aiming at giving the user the feeling that the robot 
adequately reacts to his or her commands in a stage, where the robot actually does not 
understand the user. However, the training can be performed without remote controlling 
the robot because remote controlling would be infeasible for actually training a newly 
bought service robot. Instead, the tasks are designed to ensure that the robot and the user 
share the same understanding of whether a move is good or bad. This way, the robot is able 
to anticipate the user's feedback and instructions and can explore its user's expressions of 
approval and disapproval by deliberately executing good or bad moves. As a result, natural, 
situated feedback can be observed and learned.  
In the experiment, we use “virtual” tasks. The robot plays on a computer-generated game 
board which is projected from the back to a white screen. This way, we do not need to rely 
on the potentially erroneous processing of sensor data for determining the state of the task. 
Further explanations on the training tasks are given in section 3. 
2. Related work  
There has been a great deal of work on adapting robots to their users, understanding human 
expression of affect and emotion (Breazeal, 2002) (Thomaz & Breazeal, 2006) processing 
natural language (Iwahashi, 2004) (Kayikci et al., 2007) and learning through human 
feedback in recent years. One example that is particularly related to our work is presented in 
(Kim & Scassellati, 2007). Kim and Scassellati described an approach to recognize approval 
and disapproval in a Human-Robot teaching scenario and used it to refine the robot's 
waving movement by Q-Learning. They employed a single-modal approach to discriminate 
between approval and disapproval based on prosody.  
Learning the connections between words and their meanings through natural interaction 
with a user has been researched upon in the field of language acquisition 
Iwahashi described an approach (Iwahashi, 2004) to the active and unsupervised acquisition 
of new words for the multimodal interface of a robot. He applied Hidden Markov Models to 
learn verbal representations of objects and motions, perceived by a stereo camera. The 
learning component used pre-trained HMMs as a basis for learning and the robot interacted 
with its user in order to avoid and resolve misunderstandings. 
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Kayikci et al. (Kayikci et al., 2007) utilized Hidden Markov Models and a neural associative 
memory for learning to understand short speech commands in a three-staged recognition 
procedure. First, the system recognized a speech signal as a sequence of diphones or 
triphones. In the next step, the sequences were translated into words using a neural 
associative memory. The last step employed a neural associative memory to finally obtain a 
semantic representation of the utterance.  
In the same way as the approaches, outlined above, our learning algorithm attempts at 
assigning a meaning to an observed auditory or visual pattern using HMMs as a basis. 
However, our system is not trying to learn the meaning of individual words or symbols, but 
focuses on learning patterns expressing a feedback as a whole. Moreover, our proposed 
approach is not limited to a single modality but tries to integrate observations from different 
modalities.  
For learning associations between approval or disapproval and the HMM representations of 
the observed user behavior, classical conditioning is used in our system. Mathematical 
theories of classical conditioning were extensively researched upon in the field of cognitive 
psychology. An overview can be found in (Balkenius & Moren, 1998). The relation of 
classical conditioning to the phase of learning word meanings in human speech acquisition 
has been postulated in the book “Verbal Behavior” by B. F. Skinner (Skinner, 1957) and has 
been adopted and modified by researchers in the field of behavior analysis. An explanation 
of the processes involved in learning word meanings by conditioning is described by B. 
Lowenkron in (Lowenkron, 2000).  
There have been different approaches to use classical conditioning for teaching a robot, such 
as in (Balkenius, 1999). However, to our knowledge our proposed approach is the first one 
to apply classical conditioning to acquire an understanding of speech utterances and 
integrating multimodal information about user behavior in Human-Robot-Interaction. 
3. Training tasks  
We propose a training method that allows the robot to explore and provoke approving and 
disapproving feedback from its user. Our learning algorithm does not depend on the way, 
training data is recorded. However, we found in an exploratory study (Austermann & 
Yamada, 2007) that natural feedback, given during actual interaction with a robot in a 
similar task differs from feedback that a user would record in advance. Therefore, we 
implemented a training method that uses “virtual” games and allows the robot to explore its 
user's way of giving feedback and learn actual, situated feedback during realistic 
interaction.  
The robot is supposed to learn to understand the user's feedback in a training phase. This 
implies that by the time of the training it cannot actually understand its user. However, in 
order to ensure natural interaction, it needs to give the user the impression that it 
understands him or her by reacting appropriately. This is done by designing the training 
task in a way, that the robot can anticipate the user's feedback by knowing which moves are 
good or bad. If the task ensures, that the user can easily judge whether the robot performed 
a good or a bad move, the robot can expect approving feedback for good moves and 
disapproving feedback for bad moves. This way the robot can deal with instruction from the 
user without actually understanding his or her utterances and can freely explore and 
provoke its user's approving and disapproving feedback. Our training phase consists of 
training tasks which were designed based on this principle. The tasks are based on easy 
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games suitable for young children. In the experiments, the participants were asked to teach 
the robot, how to correctly play these games using natural feedback.  
An issue that we became aware of during preliminary experiments is the very limited ability 
of the AIBO robot to physically manipulate its environment and to move precisely. The 
possibility of not detecting errors, such as failing to pick up or move an object, poses a risk 
for misinterpreting the current status of the task and learning incorrect associations. So we 
decided to implement the training task in a way that the robot can complete it without 
having to directly manipulate its environment. We use a “virtual playfield” which is 
computer-generated and projected from the back to a white screen. The robot shows its 
moves by motion and sounds. It retrieves information directly from the game server using 
the AIBO Remote Framework. This way we can ensure that the robot is able to assess its 
current situation instantly, anticipate the user's next feedback or instruction correctly and 
associate the observed behavior correctly with approval or disapproval. 
The following tasks were selected to be used in our experiments, because they are easy to 
understand and allow a user to evaluate every move instantly. We selected four different 
tasks in order to see whether different properties of the task, such as the possibility to 
provide not only feedback but also instruction, the presence of an opponent or the game-
based nature of the tasks influence the user's behavior. We implemented them in a way that 
they require little time-consuming walking movement from the robot.  
 
 
Fig. 1. Properties of the different training tasks 
We selected and implemented the different training tasks in a way, that they cover two 
dimensions which we assume to have an impact on the interaction between the user and the 
robot.:  
• Easy - Difficult: Training tasks can range from ones, that are very easy to understand 
and evaluate for the user, to tasks where the user has to think carefully to be able 
evaluate the moves of the robot correctly.  
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• Constrained - Unconstrained: In the most constrained form of interaction in our 
training tasks, the user is told to only give positive or negative feedback to the robot but 
not to give any instructions. In an unconstrained training task, the user is only informed 
about the goal of the task and asked to give instructions and reward to the robot freely. 
The positions of the different tasks in the two dimensions can be seen in Figure 1. There is 
one task for each of the combinations “easy/constrained”, “easy/unconstrained” and 
“difficult/constrained”. The reason, why there is no task for the combination 
“difficult/unconstrained” is that that in such a situation, the user behavior becomes too 
hard to predict, so that the robot cannot reliably anticipate positive or negative reward. 
Screenshots of the playfields can be seen in Figure 2 
 
 
Fig. 2. Game screens of the “Virtual” Training Tasks. (left: Picture Matching, right: Pairs) 
3.1.1 Picture matching 
On the easy/unconstrained end of the scale, there is the “Find Same Images” task. In this 
task, the robot has to be taught to choose the image that corresponds to the one, shown in 
the center of the screen, from a row of six images. While playing, the image that the robot is 
currently looking or pointing at is marked with a green or red frame to make it easier for the 
user to understand the robot's viewing or pointing direction. By waving its tail and moving 
its head the robot indicates that it is waiting for feedback from its user. In this task the user 
can evaluate the move of the robot very easily by just looking at the sample image and the 
currently selected image. The participants were asked to provide instruction as well as 
reward to the robot freely without any constraints to make it learn to perform the task 
correctly. The system was implemented in a way that the rate of correct choices and the 
speed of finding the correct image increased over time. 
3.1.2 Pairs  
As an easy/constrained task, we chose the “Pairs” game. In this task, the robot plays the 
classic children's game “Pairs”: At the beginning of the game, all cards are displayed upside 
down on the playfield. The robot chooses two cards to turn around by looking and pointing 
at them. In case, they show the same image, the cards remain open on the playfield. 
Otherwise, they are turned upside down again. The goal of the game is to find all pairs of 
cards with same images in as little draws as possible. In this task the user can evaluate easily 
whether a move of the robot was good or bad by comparing the two selected images.  
The participants were asked not to give instruction to the robot, which card to chose but  
to assist the robot in learning to play the game by giving positive and negative feedback 
only.  
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3.1.3 Connect four 
As a difficult/constrained task, we selected the “Connect Four” task. In the “Connect Four” 
game, the robot plays the game “Connect Four” against a computer player. Both players 
take turns to insert one stone into one of the rows in the playfield, which then drops to the 
lowest free space in that row. The goal of the game is, to align four stones of one's own color 
either vertically, horizontally or diagonally.  
The participants were asked to not to give instructions to the robot but provide feedback for 
good and bad draws in order to make the robot learn how to win against the computer 
player. Judging whether a move is good or bad is considerably more difficult in the 
“Connect Four” task than in the three other tasks as it requires understanding the strategy of 
the robot and the computer player.  
3.1.4 Dog training 
We have implemented the “Dog Training” task as a control task in order to detect possible 
differences in user behavior between the virtual tasks and “normal” Human-Robot-
Interaction. Like the “Find Same Images” task covers the dimensions easy/unconstrained. 
The user can easily evaluate the robot's behavior and use his/her way of giving instruction 
and reward freely without restrictions. In the “Dog Training” task, the participants were 
asked to teach the speech commands “forward”, “back”, “left”, “right”, “sit down” and 
“stand up” to the robot. The “Dog Training” task is the only task that is not game-like and 
does not use the “virtual playfield”. Only in this task the robot was remote-controlled to 
ensure correct performance.  
4. Learning method  
We use a biologically inspired approach for learning to classify approval and disapproval 
using speech, prosody and touch. Our learning method consists of two stages, modeling the 
stimulus encoding and the association processes, which are assumed to occur in human 
learning (Burns et al., 2003) (Lowenkron, 2000) (Werker et al., 2005) of associations and word 
meanings. Details about the biological background of this work are given in section 4.1.  
The first learning stage, the feedback recognition learning, is based on Hidden Markov 
Models. It corresponds to the stimulus encoding phase in human associative learning. 
Separate sets of HMMs are trained for speech and prosody. The models are trained in an 
unsupervised way and cluster similar perceptions, e.g. utterances that are likely to contain 
the same sequence of words or similar prosody. Touch is handled in a different way, 
because the data returned by the AIBO remote framework does not suffice for HMM based 
modeling.  
The second stage is based on an implementation of classical conditioning. It associates the 
HMMs which were trained in the first stage with either approval or disapproval, integrating 
the data from different modalities. As users have different preferences for using speech, 
prosody and touch when communicating with a robot, the system has to weight the 
information, coming in through these different channels depending on the user's 
preferences. Classical conditioning can deal with this problem by emphasizing cues that 
frequently occur in connection with approving or disapproving feedback for a certain user. 
It allows the system to weight and combine user inputs in different modalities according to 
the strength of their association toward approving or disapproving feedback. The data 
structure, resulting from the learning process, is shown in Figure 3. 
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Fig. 3. Data structure, that is learned in the training phase. 
4.1 Biological background 
Our approach towards understanding feedback from a human is inspired by the biological 
and psychological processes which are found in human associative learning, speech 
perception and speech acquisition. However, we do not claim to implement an accurate 
model of all processes which occur in natural associative learning and understanding of 
elementary utterances. Instead, we focused on the concepts which appeared most relevant 
to our research objective of learning to understand human feedback for a robot.  
4.1.1 Stimulus encoding for associative learning 
Before a human or animal can establish an association between a stimulus and its meaning, 
the physical stimulus needs to be converted into a representation that the brain can deal 
with. This process is called stimulus encoding (Eysenck & Keane, 2005). Stimulus encoding 
also enables the brain to abstract from the concrete individual stimuli - which always differ 
to some extend - to attain a common representation. Evidence of these two stages has been 
found in experiments on classical conditioning as well as infant word learning (Eysenck & 
Keane, 2005) (Werker et al., 2005). 
For speech, the process of phonological encoding develops and refines in the first months of 
an infant. Experiments found, that infants' speech acquisition starts from acquiring a proper 
way of encoding speech-based stimuli (Werker et al., 2005) several months before they are 
actually able to learn the meaning of words by associative learning.  
We adopt this separation between the stimulus encoding and the learning of associations 
between stimuli and their meanings for our learning algorithm. We combine a stimulus 
encoding phase based on unsupervised clustering of similar perceptions and an associative 
learning phase using classical conditioning as a supervised learning method. This allows 
our system to learn the meaning of feedback from the user during natural interaction 
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because the learning algorithm does not require any explicit information, such as 
transcriptions of the user's utterances or gestures for stimulus encoding. It only needs the 
information of whether an utterance means approval or disapproval to associate the HMMs 
with their correct meanings. This information is given through the training task.  
4.1.2 Classical conditioning 
The theory of classical conditioning, which was first described by I. Pavlov (Pavlov, 1927) 
and originates from behavioral research in animals. It models the learning of associations in 
animals as well as in humans. In classical conditioning, an association between a new, 
motivationally neutral stimulus, the so-called conditioned stimulus (CS), and a motivationally 
meaningful stimulus, the so-called unconditioned stimulus (US), is learned (Balkenius & 
Moren, 1998). In our system, the concepts of approving or disapproving feedback are 
modeled as US. They can, for instance, be interpreted as a positive or negative signal from a 
reward function used in reinforcement learning. The models of the user's utterances, 
prosody patterns and touches are CS which are associated with approval or disapproval 
during the feedback association learning phase. 
For our task of learning multimodal feedback patterns, the most relevant properties of 
classical conditioning are blocking, extinction and second-order-conditioning as well as 
sensory preconditioning: 
Blocking 
Blocking occurs, when a CS1 is paired with a US, and then conditioning is performed for the 
CS1 and a new CS2 to the same US (Balkenius & Moren, 1998). In this case, the existing 
association between the CS1 and the US blocks the learning of the association between the 
CS2 and the US as the CS2 does not provide additional information to predict the 
occurrence of the US. The strength of the blocking is proportional to the strength of the 
existing association between the CS1 and the US. For the learning of multimodal interaction 
patterns, blocking is helpful, as it allows the system to emphasize the stimuli that are most 
relevant. For instance, if a certain user always touches the head of the robot for showing 
approval, and sometimes provides different speech utterances together with touching the 
robot, then blocking slows down the learning of the association between approval and these 
speech utterances if there is already a strong association between touching the head sensor 
and approval. This way, the more reliable cues are emphasized. 
Extinction 
Extinction refers to the situation, where a CS that has been associated with a US, is 
presented without the US. In that case, the association between the CS and the US is 
weakened. (Balkenius & Moren, 1998) This capability is necessary to deal with changes in 
user behavior and with mistakes, made during the training phase, such as a 
misunderstanding of the situation by the human and a resulting incorrect feedback. 
Sensory preconditioning and second-order conditioning 
Sensory preconditioning and second-order conditioning describe the learning of an 
association between a CS1 and a CS2, so that if the CS1 occurs together with the US, the 
association of the CS2 towards the US is strengthened, too. (Balkenius & Moren, 1998) In 
sensory preconditioning, the association between CS1 and CS2 is established before learning 
the association towards the US, in second-order conditioning, the association between the 
US and CS1 is learned beforehand, and the association between CS1 and CS2 is learned 
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later. Secondary preconditioning and second-order conditioning are important for our 
learning method, as they enable our system to learn connections between stimuli in different 
modalities. They also allow the system to continue learning associations between stimuli 
given through different modalities even when it could not determine whether the robot's 
move was good or bad, as long as new stimuli, such as new or commands are presented 
together with stimuli that are already known and associated to a feedback. E.g. a new 
positive speech feedback is uttered with a typical, known positive/negative prosody 
pattern. 
4.1.3 Top-down and bottom-up-processes in speech understanding 
Human perception is not an unidirectional process but involves bottom-up and top-down 
processes. (Eysenck & Keane, 2005). The bottom-up processes are triggered by the physical 
stimuli, such as audio signals received by the inner ear or light hitting the retina. The top-
down processes, on the other hand, are based on the context in which a specific stimulus 
occurs. The context is used to generate expectations about which perceptions are likely to 
occur. Both, bottom-up and top-down processes, work together in human perception of 
audio-visual signals to determine the best explanation of the available data.  
The interplay of bottom-up processes and top-down processes in speech perception has 
been investigated in detail by psychologists (Eysenck & Keane, 2005). W. F. Ganong found, 
that if a person heard an ambiguous phoneme, such as a mixture between “d” and “t”, and 
one of the possible phonemes made a correct word, while the other one didn't, such as 
“drash”/”trash”, the participants were more likely to identify the ambiguous phoneme as 
the one, that belonged to a correct word. C.M. Connine found that the meaning of the 
sentence, that an ambiguous phoneme is presented in, has an influence on its identification. 
These findings suggested that perception is not only driven by the physical stimulus but 
also depends on expectations generated from the context. Figure 4 shows an overview of 
bottom-up and top-down processes in human speech perception.  
 
 
 
Fig. 4. Bottom-Up and Top-Down Processes in Speech Perception. 
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In our system, top-down processes are used to improve the selection accuracy when 
choosing an HMM for retraining. They generate an expectation on which utterances or 
prosodic patterns are likely to occur, using context information. The context information is 
calculated from the state of the training task, which suggests whether positive or negative 
reward is expected, and the learned associations between HMMs and positive or negative 
feedback. This way HMMs, that have previously been associated with either positive or 
negative reward, become more likely to be recognized, when another positive or negative 
reward is expected. 
4.2 Feedback recognition learning 
The Feedback Recognition learning stage of our learning algorithm clusters and learns the 
robot's perceptions of the user's feedback. It is based on Hidden Markov Models for speech 
as well as for prosody and a simple duration-based model for touch.  
For each feedback, given by the user, the best matching speech, prosody and touch models 
are determined according to the methods, described in 4.2.1 to 4.2.3. Then, the most closely 
matching models are retrained with the data corresponding to the observed feedback. When 
retraining has finished, the models are passed on to the feedback association learning stage 
where they are associated with either approval or disapproval based on the situation, that 
the robot was in, when perceiving the feedback.  
In our work, HMMs are employed for the low-level modeling of perceptions. As a standard 
approach for the classification of time series data, HMMs are widely used in literature. The 
use of Mel-Frequency-Cepstrum-Coefficients (MFCC) for HMM-based speech recognition is 
described in (Young et al., 2006). Appropriate feature-sets for emotion and prosody 
recognition are outlined in (Breazeal, 2002) and (Kim & Scassellati, 2007). We use these tried 
and tested feature-sets as an input for the HMM-based low-level learning phase.  
4.2.1 Speech utterances 
To model speech utterances our system trains a user-dependent set of whole-utterance 
HMMs based on the observed feedback utterances. As a basis for creating utterance models 
it uses an existing set of monophone HMMs. As the robot learns automatically through 
interaction, no transcription of the utterances is available. Therefore, an unsupervised 
clustering of perceived feedbacks that are likely to correspond to the same utterance is 
necessary. This is done by using two recognizers in parallel. One recognizer tries to model 
the observed utterance as an arbitrary sequence of phonemes. The other recognizer uses the 
already trained utterance models to calculate the best-matching known utterance. Every 
time a feedback from the user is observed, first the system tries to recognize the utterance 
with both recognizers. Matching is done by HVite, an implementation of the Viterbi 
Algorithm included in the Hidden Markov Model Toolkit (HTK) (Young et al., 2006). The 
recognizers return the best-matching phoneme sequence and the best matching utterance 
out of the utterance models that have been generated up to that point. In addition to that, a 
confidence level is output by the system for both recognition results.  
The confidence levels, which are calculated by HVite as the log likelihood per frame of both 
results, are compared to determine whether to generate a new model or retrain an existing 
one. Typically, for an unknown utterance, the phoneme-sequence based recognizer returns a 
result with a noticeably higher confidence, than the one of the best matching utterance 
model. For a known utterance, the confidence corresponding to the best-matching utterance 
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model is either higher or similar to the best-matching phoneme-sequence. Therefore, if the 
confidence level of the best-fitting phoneme sequence is worse than the confidence level of 
the best-fitting utterance model or less than 10-5 better, then the best-fitting utterance model 
is retrained with the new utterance.  
If the confidence level of the best-matching phoneme sequence is more than 10-5 better than 
the one of the best-fitting whole-utterance model, then a new utterance model is initialized 
for the utterance. The new model is created by concatenating the HMMs of the recognized 
most likely phoneme sequence. The new model is retrained with the just observed utterance 
and added to the HMM-set of the whole-utterance recognizer. So it can be reused when a 
similar utterance is observed. An overview of the training for speech is shown in Figure 5. 
 
 
 
Fig. 5.  Algorithm for Recognizing Speech. 
The HMM-set for the phoneme-sequence recognizer contains all Japanese monophones and 
is taken from the Julius Speech Recognition project. We use a simple grammar for the 
phoneme recognizer that permits an arbitrary sequence of phonemes, not restricted by a 
language dependent dictionary. A sequence of phonemes may have an optional beginning 
and ending silence and contain short pauses. The grammar of our utterance model allows 
exactly one utterance with an optional beginning or ending silence.  
During the training phase, utterances from the user are detected by a voice activity detection 
based on energy and periodicity of the perceived audio signal.  
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4.2.2 Prosody 
We also employ HMMs for recognizing the prosody of speech utterances. The HMMs for 
interpreting prosody are based on features extracted from the speech signal. First, the signal 
is divided into frames of 32 ms length with 16 ms overlap. For every frame, the system 
calculates the pitch, using the YIN Algorithm (Cheveigne & Kawahara, 2002), the overall log 
energy as well as the frequency spectrum. 
Based on this data, a feature vector is calculated consisting of the pitch, the pitch difference 
to the previous frame, the energy, the energy difference to the previous frame and the 
energy in frequency bands 1..n. The sequence of feature vectors is written to a file in HTK 
format to be used for training the HMMs.  
 
 
 
Fig. 6. Algorithm for Learning Prosody. 
Additionally, the algorithm calculates some global information based on all frames 
belonging to one utterance. These are the average, minimum and maximum pitch and 
energy, the range and standard deviation of pitch and energy as well as the average 
difference between two adjacent frames of pitch as well as energy. For determining, which 
HMM is trained with which utterances, the system relies on these global features which 
have proven to be effective for speech emotion and affect recognition (Breazeal, 2002) (Kim 
& Scassellati, 2007). A variation of the k-means algorithm which optimizes the number of 
clusters k between two and ten is used for clustering utterances with similar global features. 
One HMM is trained for each cluster.  
To associate the HMMs with approval or disapproval, every utterance is recognized using 
the trained HMMs to get the best matching model. This model is then passed to the 
feedback association learning stage. Figure 6 shows an overview of our prosody recognition.  
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4.2.3 Touch 
We decided not to use HMMs to model touch but a simple duration based model because 
the output of the touch sensors of the AIBO robot does not suffice for HMM-based 
modeling. It is binary and does not contain any information on the force applied when 
touching the sensors. Moreover, the refresh rate when using the AIBO remote framework is 
quite low.  
Therefore, we classified touches of the head sensor and of the back sensor depending on 
their duration:  
• short: less than 0.5 seconds  
• medium: between 0.5 seconds and 1 second 
• long: one second or longer 
Typically, short touches were observed when the user was hitting the robot, while medium 
and long touches corresponded to caressing or stroking the robot. However, many 
participants in our user study employed touch only for expressing approval. 
4.3 Feedback association learning 
In the feedback association learning phase, an association between the HMM or touch 
pattern model obtained from the feedback recognition learning and either approval or 
disapproval is created or reinforced. The information of whether the model should be 
associated with approval or with disapproval is obtained from the current state of the task. 
If the last move of the robot was a good one, the model, which represents the perceived user 
feedback, is associated with approval. If the last move was a bad one, it is associated with 
disapproval. 
4.3.1 The Rescorla-Wagner-Model 
There are several mathematical theories, trying to model classical conditioning as well as the 
various effects that can be observed when training real animals using the conditioning 
principle. The models describe how associations between unconditioned stimuli and 
conditioned stimuli are learned. In this study, the Rescorla-Wagner model (Rescorla & 
Wagner, 1972) is used. It was developed in 1972 and most of the more sophisticated newer 
theories are based on it. In the Rescorla-Wagner model, the change of associative strength of 
the conditioned stimulus A to the unconditioned stimulus US(n) present in trial n, Δ VA(n), 
is calculated as in (1). 
 Δ VA(n) = αA βUS(n) (λUS(n) - Vall(n) )  (1) 
αA and βUS(n) are the learning rates dependent on the conditioned stimulus A and the 
unconditioned stimulus US(n) respectively, λUS(n) is the maximum possible associative 
strength of the currently processed CS to the US(n). 
It is a positive value if the CS is present when the US occurs, so that the association between 
US and CS can be learned. It is zero if the US occurs without the CS. In that case, Δ VA(n) 
becomes negative. Thus, the associative strength between the US and the CS decreases. Vall(n) 
is the combined associative strength of all conditioned stimuli towards the currently 
processed unconditioned stimulus. The equation is updated on each occurrence of the 
unconditioned stimulus for all conditioned stimuli that are associated with it. 
In this study, the learning rates for conditioned and unconditioned stimuli are fixed values 
for each modality but can be optimized freely. They determine how quickly the algorithm 
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converges and how quickly the robot adapts to a change in feedback behavior. The 
maximum associative strength is set to one, in case the corresponding CS is present, when 
the US occurs, zero otherwise. The combined associative strength of all conditioned stimuli 
towards the unconditioned stimulus can be calculated easily by summarizing the 
association values of all the CS towards the US, that have been calculated in the previous 
runs of the feedback recognition learning.  
The major drawback of the Rescorla-Wagner-Model is that it is not able to model the effects 
of second-order-conditioning and sensory preconditioning directly. We dealt with this issue 
by running a second pass of the Rescorla-Wagner-algorithm to learn associations between 
simultaneously occurring CS. In this second pass, the CS1 serves as the US for the 
conditioning of CS2. In a third pass of the algorithm, we update the relation between the US 
and all CS2, that have an association to the actually occurred CS1, using a new learning rate 
αA second, which is calculated as the product of the original learning rate αA and the associative 
strength between the CS1 and the corresponding CS2 
4.4 Integration of top-down-processes 
Without top-down processes, all HMMs are equally likely to be selected for retraining in the 
feedback recognition learning phase. The selection of the best-matching model depends only 
on the perceived signal while the context is not taken into account.  
In order to improve the selection of the best-matching speech and prosody models for 
retraining, we integrated an implementation of top-down processes, which are also present 
in human audio-visual perception. (Eysenck & Keane, 2005) It uses the associations, learned 
in the feedback association learning phase to generate expectations about which stimuli, 
modeled by HMMs, are most likely to occur in a given context. 
Knowing through the state of the training task, whether a positive or negative feedback is 
expected from the user in a given situation, the system uses the learned association matrix to 
assign a positive or negative bias to each of the existing HMMs. We calculate the bias BA for 
an HMM A from the difference of the associative strength VA of the HMM A towards the 
expected feedback and the associative strength of it towards the opposite feedback. In case 
of positive feedback, the factor would be calculated as in (2): 
 BA= a VA,positive - b VA, negative  (2) 
The constants a and b, which can have values between 0 and 1, determine the impact of the 
excitatory and inhibitory influences on the calculated bias. A high value a makes the system 
reuse known HMMs, which are already associated to the present stimulus. A high value b 
makes the system avoid HMMs, which are already associated to a different stimulus. We 
found that moderate values for a and high values for b produce best results. In our 
experiment, we used the values a=0.2 and b=0.8. The bias BA is used, if the feedback 
recognition learning determines that there is more than one HMM that models the stimulus 
well enough to be a candidate for retraining. In this case, the biases modify the confidence 
factors returned by the Viterbi algorithm. The biases BA and the normalized confidence 
factors CA are weighted as shown in (3) to select the best HMM for retraining. 
 DA= c BA – (1-c) CA,  (3) 
Using this method, HMMs, which are already associated with either positive or negative 
feedback, become more likely to be selected when a similar feedback is expected. Depending 
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on the constant c associations of one HMM with positive and negative reward at the same 
time, are more or less likely. A value of c=0.8 has turned out to increase the quality of the 
HMM selection, while still allowing HMMs for ambiguous utterances to be associated with 
both, positive and negative reward.  
5. Experimental evaluation  
We experimentally evaluated the training method and training tasks as well as the learning 
algorithm. Ten persons participated in the study. All of them were Japanese graduate 
students or employees at the National Institute of Informatics in Tokyo. Five of them were 
females, five males. The age of the participants ranged from 23 to 47. All participants have 
experience in using computers. Two of them have previous experience in interacting with 
entertainment robots. Interaction with the robot was done in Japanese. During the 
experiments, we recorded roughly 5.5 hours of audio and video data.  
5.1 Instruction and experimental setting 
The participants were instructed to teach the robot in the different training tasks described 
in section 3. They received explanations of the rules of the game-tasks including whether or 
not they were expected to give instruction or only feedback. We asked them to use speech, 
gesture and touch freely in their preferred way and showed them the location of the touch 
sensors of the AIBO robot, as well as the stereo cameras and the microphone. The 
experimental setting is shown in Figure 7 and screenshots of the video taken during the 
experiments is shown in Figure 8.  
 
 
 
Fig. 7. Overview of the Experimental Setting. 
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5.2 Results 
We evaluated the performance of the learning algorithm offline with the data recorded 
within the above described experimental setting. The system was trained and evaluated in a 
user-dependent way using 10-fold cross evaluation. The average accuracy of our system for 
classifying between approving and disapproving feedback given by one user based on 
speech, prosody and touch was 95.97%. The standard deviation between users was 3.30%. 
As the feedbacks given by the participants showed a slight bias toward approval, the 
confusion matrix, shown in Table 1 gives a more detailed overview over the performance of 
our recognizer.  
 
 Positive(actual) Negative (actual) 
Positive (recognized) 52.50% 1.76% 
Negative (recognized) 2.27% 43.47% 
Table 1. Confusion Matrix 
Using speech only we reached a recognition rate of 83.53% with a standard deviation of 
8.30%. Using prosody only, the recognition rate was 84.27% with a standard deviation of 
8.57%. For touch the recognition rate was 88.17% with a rather high standard deviation of 
11.77% as the usage and frequency of touch varied strongly between users. All single-
modality recognition rates are considerably lower than the recognition rate for combined 
feedbacks shown above. This result underlines that combining stimuli given through 
different modalities is crucial for a reliable recognition.  
Without the integration of top-down processes for speech, the recognition rate for speech as 
a single modality drops to 77.42% with a standard deviation of 13.12%. This degrades the 
overall recognition rate to 93.95% with a standard deviation of 5.33% if top-down processes 
are not used. 
5.3 Questionnaire based evaluation 
In a questionnaire, we asked the participants to evaluate their experience throughout the 
four different training tasks. The participants could rate their agreement with the 
statements, shown in table 1, on a scale from 1 to 5, where 1 was the best and 5 the lowest 
rating. 
In the Dog Training task, the robot was remote controlled to react to the user's commands 
and feedback in a typical Wizard of OZ-Scenario. However, in the Same Image task, the 
user's instructions and feedback were not actually understood by the robot but anticipated 
from the state of the training task. This did not have a negative impact on the participants’ 
impression that the robot understood their feedback, learned through it and adapted to their 
way of teaching, compared to the Wizard of Oz scenario.  
The lowest ratings were given for the "Connect Four" task. As the robot's moves could not 
be evaluated as easily, as in the other tasks, the participants were unsure, which rewards to 
give and therefore did not experience an effective teaching situation.   
5.4 Feedback given by the participants 
We analyzed the feedback, given by the participants to find typical similarities and 
differences in the interaction with AIBO between different users. As for the modalities used 
for giving reward, we found a strong preference for speech-based reward. Among 2409 
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 Picture 
Matching
Pairs 
Connect 
Four 
Dog 
Training 
Teaching the robot through the given 
task was enjoyable 
1.81 
1.04 
1.90 
0.83 
1.81 
0.89 
1.63 
0.81 
The robot understood my feedback 1.27 
0.4 
1.81 
0.74 
2.90 
0.85 
1.81 
0.30 
The robot learned through my 
feedback 
1.36 
0.59 
2.81 
0.93 
3.45 
0.95 
1.54 
0.69 
The robot adapted to my way of 
teaching 
1.45 
0.66 
2.63 
1.05 
3.45 
1.04 
1.64 
0.58 
I was able to teach the robot in a 
natural way 
2.18 
0.96 
2.09 
0.86 
2.54 
1.12 
1.64 
0.69 
I always knew, which instruction or 
reward to give to the robot  
2.00 
0.72 
2.09 
0.86 
2.90 
1.02 
1.91 
0.83 
Table 1. (First value: average, second value: standard deviation) 
stimuli used for giving reward, 1888 (78.37%) were given by speech, 504 (20.92%) were 
given by touching the robot and 17 (0.71%) were given by gestures. For the different users, 
the percentage of speech-based rewards ranged from 52.25% to 97.75%. Gestures were 
frequently employed by the participants for giving instructions, but we almost did not 
observe gestures being used for giving positive or negative reward.  
 
 
Fig. 8.  Experiment scenes: 1: Picture Matching, 2: Pairs, 3: Connect Four, 4: Dog Training 
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Typically, multiple rewards were given for a single positive or negative behavior of the 
robot. Counting only the rewards given while n the robot signaled that it was waiting for 
feedback after an action, 3.43 rewards were given for one action on average, usually 
including one touch reward and one to four utterances. One utterance was counted as one 
reward.  Repetitions of an utterance were counted as multiple rewards. In case of touch, one 
or multiple contacts with the robot's touch sensors were counted as one reward, as long as 
the participant kept his/her hand close to the sensor. 
The favorite verbal feedback differed between the users especially in case of positive 
reward. None of the utterances, used for positive feedback, appeared within the first six 
most frequently used utterances for all ten participants. On average, each person shared 
his/her overall most frequently used positive feedback with one other person. In case of 
negative reward, the feedback, given by the participants was more homogenous. The most 
frequently used feedback - “wrong” (chigau) - was shared by eight out of ten persons. For 
the two remaining persons, it was the second and third most frequently used feedback 
utterance.  
As for the variability of the feedback, given to the robot by an individual user: On average, 
participants used 12.3 different verbal expressions to convey positive feedback and 13.4 
different expressions to express negative feedback. However, this number varies strongly 
between individuals: One person always used the same utterance for giving positive 
feedback and a second utterance for giving negative feedback while the person with the 
most variable feedback used 30 different expressions for giving positive and 28 different 
expressions for giving negative feedback. 55.61% of all verbal feedback was given by the 
participants using their preferred feedback utterance. 88.73% of a user's verbal feedback was 
given using one of his/her six most frequently used positive/negative utterances, so 
understanding a relatively small number of different utterances suffices to cover most of a 
participant's verbal feedback. 
For positive feedback, four out of ten participants had one preferred utterance which did not 
vary between the four training tasks. In case of negative reward, this was true for five 
people. For eight out of ten participants in case of positive reward and six participants in 
case of negative reward, their overall most frequently used feedback utterance was among 
the top three feedback utterances in each individual task. In the cases, where the preferred 
feedback was not the same in all tasks, it typically differed for the “Connect Four” task, 
while in  the three other tasks, including the “Dog Training” control task similar feedback 
was used as described above. As in the “Connect Four” task it was difficult for the users to 
judge, whether a move was good or bad in order to provide immediate reward, feedback 
tended to be very sparse and tentative like “not really good” (amari yokunai), “Is this 
good?” (ii kana?) or “good, isn't it” (ii deshou). 
6. Discussion and outlook  
In this paper, we described and evaluated a method for learning a user's feedback for 
human-robot-interaction. The performance based on interpreting speech, prosody and touch 
feedbacks from a human can be considered sufficiently reliable for being used to teach a 
robot, for example, by reinforcement learning.  
One potential drawback of our approach is that the robot has to complete a training phase 
with every user who wants to interact with it in order to adapt to the user's way of giving 
rewards. However, a typical pet robot or entertainment robot only interacts with a very 
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limited number of persons in a household and usually interacts with the same users 
frequently and for a long time. Therefore, we assume that user-specific adaptation is 
desirable even though it needs some initial training effort. 
Currently the learning algorithm works offline using the data gathered in the training tasks 
to generate HMM sets and associations. Main issues that need to be targeted for 
implementing an online version of the algorithm are the clustering of the training samples 
for prosody as well as the incremental re-training of the HMMs for speech and prosody.  
Our method has only been evaluated for learning feedback, so far. However, it can be used 
without changes for learning object names as well as simple, non-parameterized commands. 
However, extensions to the current algorithm are necessary if the robot needs to learn 
commands with parameters, such as “Can you put {the red ball} {in the box}”. While gesture 
was not necessary for recognizing approval or disapproval, gesture recognition will be 
helpful to understand commands, so integrating gesture as an additional modality is the 
current priority of our ongoing research. 
One important question that remains open after the study is the similarity of user behavior 
between virtual tasks and real world tasks. Although we did not observe differences in user 
feedback between the virtual game tasks and the dog training in our experiment this does 
not necessarily mean that it is generally possible to train a robot for a real world task using a 
virtual task. This question will be targeted in a follow-up study. 
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